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SUMMARY

The majority of the tensile, fatigue, and crack propagation
test results were obtained from ZE41A magnesium sand castings
which were subjected to a one-stage precipitation heat treat-
ment cycle of 480°F for 24 hours. This treatment was de-
veloped by experiment at the vendor's facility and involved
the testing of 108 separately cast tensile test coupons after
exposure to four different thermal cycles including the two-
stage treatment recommended by Magnesium Elektron of England
who introduced and developed this alloy. Mechanical test re-
sults of thin and thick material from all castings of ZE41A-
T5 given the one-stage treatment met or exceeded AMS 4439 re-
quirements. Similar tests on ZE41A-T5 casting which was
given a two-stage thermal treatment exhibited average yield
strength values below AMS requirements.

Tensile tests of all the nonwelded ZE41A-T5 specimens, even
those removed from 3-inch-thick sections, indicated strengths
and elongations in excess of AMS 4439 requirements (Figure 2).
All the welded specimens, with the exception of those removed
from the thickest section, exhibited mechanical properties
exceeding the requirements for nonwelded material. Maximum
thickness of the HLH transmission housings is anticipated to
be from 1.5 to 2.0 inches.

Bending fatigue tests of the 'as-cast" surface of nonwelded
ZE41A-T5 specimens indicated that those from the thin section
of the casting had an average fatigue strength approximately
20 percent higher than those from the thick section of the
casting (Figure 5). This difference in fatigue performance
is attributed to the surface condition and microstructural
factors. This fatigue testing conducted on the ZE41A-T5
material indicates that the current fatigue design allowable
stress currently used for AZ91C-T6 transmission housings is
applicable and is conservative for ZE41A-T5.

The thick sections revealed a problem of surface finish and
microstructure associated with the geometry of the casting
which is similar to an ingot of magnesium 16 inches x 14
inches x 30 inches. Chill bars used for cooling this mass of
metal could only be located on the drag surface (bottom)
since the cope half of the mold contained several risers. In
actual production of transmission housings, this particular
problem would not occur. Due to the geometry of thick sec-
tions, such as transmission mounting pad areas, it is poss-
ible to place chills on three or four sides of the pad. This
permits optimum cooling rates and should limit the degree of
segregation in the microstructure. The optimum test casting
for this type of evaluation should have an irregular profile
with 3-inch-wide bars having variable heights. This shape
would permit the foundry to chill the casting in a manner
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more representative of good casting technology.

Welding proved detrimental to the fatigue strength of ZE41A-
T5 magnesium. Welded specimens from both thin and thi.ck
sections of the casting showed a 10 to 20 percent lower
fatigue strength than nonwelded specimens from corresponding
sections. It should be noted, however, that currently weld
repair is permitted only in the low stress, noncritical areas
of a helicopter transmission housing. Under this condition,
wuld repa.Lr offers an effective economic means of salvaging
many castings without compromising structural integrity. The
testing described herein indicates that this approach could
;,.l•,J be utilized with HLH transmission housings of ZE41A-T5.

!,½tiiue crack propagation testing of ZE41A-T5 material con-
ducted in air at 10 Hz indicated essentially the same crack
j1rowth rate characteristics for welded and unwelded specimens
-- ilizini nr-terial from thick or thin sections of the casting
(1-.q r• 20). Tests conducted to compare the fatigue crack
Jrov,,,h characteristics of ZE41A-T5 and AZ91C-T6 indicated
tbhat the AZ91C-T6 material had a crack growth rate which, on
thc. average, was two to three times slower than that of the
ZL41A-T5 material. While this difference is primarily attri-
-tud t- microstructural differences and is considered signi-

ficant, there is a question as to how well the AZ91C-T6
i~terial used in this program represented yield strength and
clcngation properties of actual transmission housing castings.
The low yield strength and high elongation of the material
are not considered representative of typical properties
determined from tests on material removed from actual hous-
ings.

.Cnce minimum wall thickness and stiffness requirements,
r.ther than strength requirements, control the design of a
t',pical helicopter transmission housing, small differences in
Ltrength properties from alloy to alloy are generally not

•jqnificant. The previous successful structural performance
of AZ9iC-T6 housings is an indication that ZE41A-T5 housings
iaving similar mechanical properties will also perform
satisfactorily. In addicion, ZE41A's superior castability,
resulting in less scrappage, will provide a more cost-effec-
tive design.
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INTRODUCT ION

Magnesium castings have been extensively used in the heli-
copter industry as a housing material for transmissions. The
ZE41A-T5 magnesium sand casting alloy is reported by aircraft
users in both the United Kingdom and Europe to be cost-effec-
tive due to virtual elimination of the mic.:oporosity problem
which severely affected component deliveries of AZ91C-T6
alloy castings. Magnesium alloys containing rare earths, such
as cerium in ZE41A-T5, are rated above the aluminum zinc
alloys for general castability. Due to improved castability
and minimal microporosity, mechanical properties should have
improved uniformity. Since rejections of ZE41A-T5 castings
will be lower, overall costs should compare with AZ91C-T6.
In addition, the process of impregnation, which is applied to
all AZ91C-T6 castings, will not be required for ZE41A-T5 due
to the lack of microporosity in this alloy.

With the proposed usage of ZE41A magnesium for the HLH trans-
mission housings, it became necessary to generate reliable
static and fatigue strength properties using test coupons
prior to fabrication and testing of full-scale transmission
components. The proposed housings, fabricated from large size
magnesium castings, have various thicknesses. To evaluate
thickness effect on material properties such as fatigue
strength, specimens were fabricated from both thick (3.0
inches) and thin (0.3 inch) areas of the test castings.

Weldments are not expected or designed into the transmission
housings; however, repairs due to sand holes, chisel gouges,
gas pockets and other foundry-produced defects invariably
occur in production castings. Therefore, to evaluate the
effect of welds on fatigue strength, tensile strength, and
fatigue crack propagation rates, welds were made in the test
castings to simi late such repairs. Figure 1 shows each type
of specimen configuration after welding.

Fatigue crack propagation tests of welded and nonwelded
magnesium specimens, fabricated from both AZ91C and ZE41A,
were conducted to compare the crack propagation rates and to
generate data for both materials. This data can be applied
to various geometric models or components to determine fatigue
crack growth response.

The tests were carried out over the time period from December
1971 to June 1972.
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TEST PROGRAM

"PROGRAM PLAN

All test coupons were designed to be removed from four-step
(slab) castings per SK301-10228 (Figure 1). Three -14 parts
furnished all the fatigue, tension, and crack propagation
specimens of the magnesium alloy ZE41A-T5. A fourth casting
designated -13 was cast of AZ91C-T6 magnesium for crack propa-
gation and tension specimens. The weldments for the ZE41A
tensile, fatigue, and crack propagation specimens were
simulated repair TIG (tungsten, arc, inert gas) welds made per
"AIL-W-l8326 using rods of ZE41 per AMS 4439. Welds were
ground flush with the casting surface, x-ray inspected, and
heat treated to the T5 condition to simulate weld repairs of a
transmission or production housing. Welds in the AZ91C speci-
mens were made using an AZ92 welding rod. After welding, the
specimens were heat treated to the T6 condition per MIL-H-
6857. Test specimen configuration, weld geometry and related
specifications and special nondestructive test requirements
were identified on the drawing. Position of the specimens
relative to the mass of the casting was established together
with the specimen identity.

Testing per drawing included a total of 74 specimens divided
as follows:

ALLOY SPECIFICATION TENSION FATIGUE CRACK PROPAGATION

ZE41 AMRS 4439 16 24 16

AZ91 QQ-M-56 2 -- 16

In all cases except for AZ91C-T6 tensile coupons, specimens
were equally divided between thick and thin areas as well as
welded and nonwelded configurations per the drawing.

MATERIAL

Five castings were utilized in the coupon test program.
Three ZE41 qastings and one AZ91 casting were furnished by
Vendor A. A fifth ZE41 test casting was furnished in the
welded and nonwelded -ondition by vendor B. A summary of
chemical analysis and heat treat batch numbers of the four
Vendor A castings are included in Table I. The AZ91 casting
was heat treated per MIL-H-6857. Since this specification
does not presently cover ZE41 material, tensile tests on 108
separately cast bars were conducted at Vendor A facility
prior to heat treating the test castings. Based on these
results, the most consistent average and individual mechanical
properties were obtained by using a thermal cycle of 480OF

(
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for 24 hours. Vendor A ZE41 castings all received this treat-
metit. The ZE41A-T5 casting furnished by Vendor B was heat
treated for 2 hours at 625 0 F followed by aging for 16 hours
at 345 0 F.

TABLE I. CHEMICAL ANALYSES FROM VENDOR CERTIFICATION

Composition - Percent
'qeat Total
Treat Rare

Melt Batch Earth
iloy Numroer Number Aluminum Zinc Cerium Z4rconium Magnesium

:_~41A J2011M MOO00 4.3 1.4 .75 Balance

_ZE41A J2211M MOO 4.2 1.1 .71 Balance

I':4 1 L3O11M 1122-5 --- 4.3 1.2 .74 Balance

:ZJICjL?917R 1102-6 8.6 .80 . Bala..ce

35• .75 .4
LMS 4439 Requirement 5.0 5 Ba.0ce

L, r41A) 0 1.75 1.0

8.1 .4
P.Q--M--56 Requirement Bala,,ce

(AZ lC) 3Iaa

,,J applicable specifications and technical requirements for
t 'tic test castings are conveyed by general notes on the
.:nqi.•ering drawing (Figure 1) . Flag note number 7 sye,:i-
Lecd that inspection should be accomplished per D8-I05. This
:-1cl.udcd acid etching of all cast surfaces prior to pere,.rant
nspection. Inadve-tently, this step which aids identjfLca-

i,,n :fl defects was not done. Penetrant and radiographi: in-
spection.- were subsequently completed and all test castiigs
were certified to '-,e arceptable. Radiographs of the 3.0-inch-
thick arca did noc show the surface pits, oxides or secr,'ga-
tion chaxacteristics due to the low sensitivity of 2 pcc :ent
oi" 0.060 inch penetration in the 3-inch section. These dcs-
crepancins were not observed until the failed fatigue Epoci-
:gns wer, examined fractographical]y and by x-ray. Prcseint

acceptance practice of inspection with the AZ91C-T6 alloyz is
based entirely on the radiographic quality. When a surf ,ce
,L±screpar-cy is evident by fluorescent penetrant inspecti n,
radiographs are used to judge whether to accept or rej(cc thecasting.
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TENSILE TEST

Test Soecimen Configuration and Preparation

Specimens were tested in the following conditions:

1. Unwelded from thick, 3.0 inches, and thin, 0.3 inch,
sections of a ZE41A casting.

2. Welded from thick, 3.0 inches, and thin, 0.3 inch,

sections of a ZE41A casting.

Sixteen specimens, four for each condition and thickness,
were tested.

Thin specimens were machined to the R3 configuration and thick
specimens to the RI configuratiol. of Federal Test Method
Standard Number 151, Method Number 211. End portions of the
3 inch and 5-1/2 inch lengths were threaded for 5/8 inch and
1 inch lengths with 3/8-16 NC and 3/4-10 NC threads, respect-
ively (SK301-10228-1 through -6).

Test Procedure and Test Setup

Tests were perfcrmed on a Baldwin Lima Hamilton machine with
a 60,000-pound capacity. Grip end attachments were threaded,
and axial alignment was achieved by a self-aligning feature in
the top and bottom heads. The indicated loads were maintained
within 1 ýorcent of the true applied loads. A strain rate of
0.0005 inch/inch/minute was utilized.

Test Results

Tensile test results on 22 specimens of ZE41A-T5 and AZ91C-T6
material are shown in Table II. Average tensile properties
for ZE41A-T5 magnesium are shown graphically in Figure 2. All
eight coupons from the 0.3-inch-thick area of the casting met
minimum and average requirements specified in AMS 4439. Four
of these were notched and welded to simulate casting repair
procedures. Four of the thick coupons representing the basic
magnesium casting at locations both near the surface and at
midthickness (No. TK9 and TKl0) also met average and indivi-
dual AMS requirements. Thick welded coupons met yield
strength requirements applied to unwelded coupons. However,
all tensile strengths and three elongation values for these
specimens were below unwelded specification limits. The
average tensile strength for welded specimens was 15 percent
below specification limits, and elongation values for welded
specimens were 30 percent below the requirement of 2.5 per-
cent for unwelded material. It is apparent, based on this
test data from one casting, that the magnesium alloy of zinc
and rare earth elements has uniform mechanical properties

7



TABLE II. TENSILE TEST RESULTS FOR ZE41A-T5
AND AZ91C-T6 MAGNESIUM

Sectign Specime f % E-of Descrip- iim Lng
Cas ting ti,, AIeMaterial , I 0. (in.) (in?) (b) (ksi) (lb) (ksi) in

--1- .252 1050 1756 35.1 1075 21.5 4.0
Non- .050 1530 30.6 1060 21.2 .4.5
Sded 3 .252 .050 1502 300 1040 20.8 5.0

4 . .0501 28. 20. 3.5
Thin 5 251 .0495 1384 28.0 i030 2C.8 3.0

Welded 6 .251 .0495 1332 26.9 1060 21.4 2.0
-7 .252 ..050-11590 31.8 P1120 22.4 5.0

ZE41A-TS - 8 .252 .050 1646 32.9 1080 21.6 2.5
9 .505 .2003 5600 28.0 4080 20.4 2.

SNon- 10 . _Qj) .IQD.1 -uYA_ 3-C106 3 1a LI -5-
welded 11 .506 .201 5940 29.6_j39 50 19.7 4.5

121.506 .201 459 350
Thick 13 .506 .201 5090 25.3 !3900 19.4 1.0

14 .506 .201 476C 23.7 4100 20.42o1.0
W11ded 5 .501 .2003,. 16 25.6 ,4160 20.7 2.0

.6 .201 3767 8.7 1 3767 18.7 1.0

ZE1-S Thin 17 .251 .0495 1668-313.7 .11090 22.0,Non- 18 .251 .0495 1648 33 3 '1050 21.2
Thick welded 19 .506 .201 5970 29-.7 3618 18.0

_ _1_ 20 .505 .2003 5970 29.8 3605 18.0

AZ T 6 Thin Non- ! §.52 .050 2025 40.5 11 740 14.8 12.0
Thick 2eldeo 2 506 .201 7517 37.4 2650 ._

kGaye out

ANIS 4439 Requirementsl UTS IYTS I% Llonq'nl

ZE41A-T[ Average - 28.0 L19.5 2.5
I ndividual 26.0 17.5 2.0

QQ-M-56 Min. Requirements UTS YTS % Elong'n

AZ91C-T6 Average 25.5 114.5 0.75
I Individual 17.0 112.0 1

SAll material heat treated 480°F for 24 hours

Supplied by Vendor B - Casting was heat treated in two stages;
625OF--2 hours followed by 16 hours at 345°F

O Reference Drawing SK301-10228, Figure 1

- --- ---------
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which meet or exceed AMS requirements in both thick and thin
areas. This indicates that there should be no restrictions
on the part of foundries meeting properties in sections to
3-inches. Most sources, however, will take exception to AMS
strength requirements in sections greater than 1½-inches.
Guarantee will be made to meet 80 percent of the published
values.

Tensile tests in addition to the proposed work plan included
two AZ91C-T6 specimens machined from a Vendor A casting and
four ZE41A-T5 specimens machined from a Vendor B slab type
casting. These results are also tabulated in Table II.

Both of the AZ91C-T6 test specimens met QQ-M-56 minimum
requirements. Yield strength values for ZE41A-T5 spe(.imens
re:.cved from thick areas meet AMS requirements for individual
bars but do not meet average value requirements.

FATIGUE TEST

The purpo-es of the fatigue testing of the ZE41A niagnes:.um
were threefold:

.. 1.etermine if a difference in mechanical proper ies
and/or fatigue strength exists between thin and
Thick sections of magnesium castings.

2. Ietermine if weld repair of magnesium is detriri(eital
to fatique strength.

3. compare the fatigue strength of ZE41A magnesiui•t
with the fatigue strength of AZ91C.

Test Specimen Configuration and Preparation

7wenty-four ZE41A bending specimens were fabricated front
large ý:ize castings as shown in Figure 1. These specimerr3,
incorporating a "dog-bone" shape, were fabricated as one
uiwelded specimen cut from both thin and thick sections cf
t, -e casting and tw) welded specimens cut from both thin and
thick sections of the casting. Four groups, each consi:ting
of six specimens and each representing one of the above con-
ditions, were tested.

After machining the specimens to the dimensions specifi~d by
drawing SK301-10028-7 and -8, the edges were broken to Ppprox-
imately 0.010-0.030 inch radius. For all specimens except
where noted, the surface and weld areas of the test specimens
were tested with the "as-cast" and "as-cast plus welded'
surfaces undisturbed. The weld beads and adjacent mateui.il
on specimens B-14, B-16, B-17, and B-18 were surface dr~s~ed.

All nonwelded fatigue test specimens were of the configi i-r
tion showii in Figure 1. This specimen configuration wac :o



be used for all fatigue specimens, i.e., welded and nonwelded.
Testing of three welded specimens (B-22, B-23, B-24) of this
configuration resulted in two failures which did not pass
through the weld. Examination of specimens B-22 and B-23 in-
dicated considerable variation in the specimen thickness over
the length of the test section. This thickness variation was
due to irregularities associated with the "as-cast" surface
(the other surface was machined). These particular welded
specimens had the thickest portion of the test section at the
weld area Since the test setup is designed to produce the
same bending moment over the entire length of the test sec-
tion, the thicker sections (the width is constant) have a
greater section modulus and, therefore, experience a reduced
bending stress. This situation was not conducive to meeting
one objective of the test which was to evaluate the relative
fatigue strength of the welded and unwelded material.

In order to expose both the parent and weld material to the
same stress and thereby determine their relative performance,
the specimen configuration was modified. In order to achieve
the same stress along the length of the test section, the
sides of specimens B-13, B-14, B-16, B-17, and B-18 were
machined to provide a relatively constant section modulus.
Specimen B-13 was inadvertently machined to the configuration
shown in Figure 3. This configuration was not considered
satisfactory because of the secondary radius; therefore, it
was rejected because of the introduction of an increased
stress concentration factor. This configuration was then re-
worked into a specimen with a gradual or constant radius as
displayed in Figure 3. These specimens with this gradual
radius (B-14, B-16, B-17) had all surfaces mistakenly
machined.

Test Procedure and Test Setup

The fatigue tests of the 24 ZE41A specimens were performed on
a Sonntag SF-I U Fatigue Machine with a standard bending fix-
ture utilizing four-point loading as displayed by Figure 4.
All tests were performed at 30 cycles per second loading rate,
and at a stress ratio (ratio of minimum load/maximum load)
equal to zero. Tests were conducted in air at room tempera-
ture.

All specimens were strain gaged at their centerlines and
mounted in a static four-point bending fixture for calibra-
tion. Known loads, as measured by a load cell, were applied
at the constant bending section of the specimen to establish
a bending strain output versus load input. Although the
calibration data was not used in determining the applied
stresses, it did serve a purpose. By using the calibration
data, stresses calculated by multiplying modulus of elasticity
times strain output (E E) can be checked for accuracy and

C 11



SPECIMEN B-i
sip" (parallel Sides)

SPECIMEN B-13
(Radius at Test Section)

SPECIMEN B-14

(Sides Contoured for
Constant Section
Modulus)

NOTE: Photographs show view of bottom surface of specimens
after fatigue testing.

Figure 3. Fatigue Test Specimen Configurations
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errors by using the equation (= Mc/I.

Tihc. strain gage for each specimen was bonded to the com-
pression loaded surface. The "as-cast" surface, for all
specimens except B-14, B-16, and B-17 which had all surfaces
machined, was subjected to tensile stresses created by the
applied bending moment. The specimens were stressed to a pre-
determined level by applying loads and monitoring the strain
output. Knowing the modulus of elasticity to be 6.5 x 10 psi
for ZE41A, the stress was calculated as E xE . This is the
stress shown on the S-N (stress-number of cycles) curves
(Figures 6 through 9).

Test Results

ITe results of the fatigue tests are summarized graphically
in Figure 5. The detailed test data are presented in Tables
IlI and IV, and displayed by the S-N curves on Figures 6
through 9.

Comparison of nonweld fatigue data obtained from specimens
fabricated from the thin section of the casting (Figure 6)
with data obtained from specimens fabricated from the thick
section of the casting (Figure 7) shows a significant differ-
ence in fatigue strength. The estimated average fatigue
strength is +7000 psi at 5 x 107 cycles (at a stress ratio of
zero) for specimens from the thin section, and +5900 psi for
specimens from the thick section. The data shown in Figures
6 and 7 were obtained Laom unwelded specimens and from welded
specimens which did not fail in the weld or heat-affected
zone. A probable explanation for the difference in fatigue
perforriaance is the relatively poorer surface quality of the
thick section of casting. The porosity and segregation asso-
ciated with the thick section proved to be the origin of fail-
ure in many specimens and is believed to have caused the
fatigue strength to be lower than that of the thin section
with a surface relatively free of porosity.

Side-by-side photographs illustrating the microscopic fracture
characteristics plus the origin location and microstructural
details of the origin sites are displayed in Figures 10
through 13. Dimensional aspects of fatigue origins on all
specimens relative to the spanwise length and section thick-
ness are tabulated in Table V. For specimens representing
the thin section of casting, subsurface origins were apparent
on specimens B-l, B-2, B-4, and B-5. Of these, B-l, B-4, and
B-5 were directly related to gross oxide skins of zirconium
or a combination of zirconium and cerium. The microstructure do

of specimen B-2 was unique since the origin area displayed
both entrapped oxides and enlarged grains.

14
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Mean Fatigue Strength
at 5.0 x 10 7 cycles

8

u6
U)

E-4

i4
2

0 A

Thin J Thick

LEGEND:

1 Nonwelded

D<2sý!ýwelded

Figure 5. Mean Fatigue Strength for ZE41A-T5
at a Stress Ratio of Zero.
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Gc~ain enlargement has usually bcon a-Isociated with zirconium
depleted areas by researchers in the magnesium casting in-
du~stry who have studie~ alloys containing rare earths such as
zirconi~um and thorium.

Cracking in specimens B-3 and B-6 initiated from surface
oriented cavities which displayed no inherent material dis-
crepancies. It is postulated that these impressions/cavities
P-ay be associated with the foundry practice of cleaning and
c,)ating the mnolds prior to assembly and pouring operatiocis or
fra)m oxidation pits due to incorrect furnace atmosphere.

~~.toughthe predomninant. mo-de of failure for thin sectio~n
su_-c~irnens was transgranular, fractures in this group were
c-.. -acterizerl by a mnixel i ode and contained both intercranular
j_1i transaranula:- crackss.

(;f Týhr 5ýprclateris represt-rtiruj the thick section of castiing,
f'zitr spe:.cime:ns (B-7, B-8, B-l1, and B-).2) had fractures vh'ých
crajinatedl a,. surfacc orient-ed pits (Table V) . Specimr.en B -7

ciispav~'Large oieinclusýionF andl grain growth in addition
to the szuriface PiLt. Thic' remiaining specimeng, B-9 and B--C'
displayed subsurfacc origins which were located at oxide i~i-
C ,1s i- i. Fracture topograpliy on these six specimens waý :)re-
Jo-na nan- ly inter~jranular r;?.Eher than transgranular as ob~.e-ved
on t-he _-ix thin coupons. The microstructure of specime.1f 1-7
throuoih B- 1 2 disclosed the segragate compound Znl2 Zr 3 . Tti.
cor-.pcoura :,-kally occurs at high temperatures when the meit i

satr: tcdvith zircon~.im. Excess zirconium precipitates a-id
seqrey4-,tes )y density dif-ference at the bottom of the ca~t-ng.
This soc~tecacion constitient probably explai-ns the intcr.
granular natuicý of the fracture surface on the specimens r!
mov( i rmthe thick area.

'L.a-ru- quality of these samples revealed numerous oxides~
a ,some segregation whereas radiographic inspection of

5stnj-les from the thin area revealed no discrepancies. TLM-
r d~a c-ceptance standards utilizing the thin area radic-

•raphs as acceptable and thick area radiographics as unaccupt-
able have been established with the vendor. Preliminary kSTM
E115 ratjincs of o'ne and three have been designated for these.
two cond itins relative to oxides and segreqation. De f Jn 1.1e
radiographic standards for magnesium alloys bearing cerium
and zirconium 3hould be available from ASTM within 1 year.

Comparison of weld and nonweld fatigue data indicates that
welding is detrimental to the fatigue strength of ZE~4lZ-'L.5
magnesium. For specimens fabricated from the thin section of
the castin,,g, the fatigue strength of the unwelded specimens
(Figure 6) is greater than that of the welded speciLmens
(Figure, 8) . Figures 7 ana 9 show a similar trend for the-
specimens fabricated, from the thick section of castirnq. I-.
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TABLE V. RLSULTS OF METALLURGICAL EXAMINAA

SPEC- 1_
IMEN FRACTURE LOCATION ORIGIN LOCATION

B-i As-cast surface, Surface at edge of radius
1.34" from center

B-2 As-cast, 1.20" from center Side surface, .035" from as cast

B-3 As-cast, 0.98" from center Surface cavity 0.20" from cdo-Y-r`a_(-s
B-4 As-cast, 1.26" from center .010"-Below surface, 0.150" from side ed
B-5 As-cast, 0.20" from center .020" Below surface, 0.490" from side ed
B-6 A s-cast, 1. 48" from conter Surface ca-,.ity, .10" from edge radius

B-7 As-cast, 0._96 from center Multiplk uri~in from zurface cavitty & en
B- A.s-cast, 0.42" from center Subsurface, .020" below surface; .030" f
B-9 A s-cast, 1.05" from center Multiple origin, subsurface; .005" beiow ;
B-10 As-cast, 1.72" from center . Subsurface,_.010" bclow surface; .20" fr
B-I• A.s-cast, 0.75" from center Surface cavity, .220" from side edge

A.s-cast, 1.30" from center Surface cavity, .130" from sidc edge
S _-13 As-cast, 0.35" from center Surface, .010" from edcie radius.

B Machined, 1.60" from center Machined surface; .220" from side ediqe
A-15 -s-cas-t,- .45-" fron center Surface, .050" from edge radius

•-16 ;4chined 0.i0" from center Subsurface, .020" below surfa Ce
B-17 Machined Surface , at edge radius
B-18 As-cast, 0.28" frorr center -Surfae,.c. ....of radius

....9 Side surface, 0.50" from cente Subsurface, .050" below as5-cast surface
B-20 As-cast, 0. 40" from center Surface, 0.40" from side edge
B-21P As-cast, 1. OU from center Surtace cavity, 0.88" from side ed(c
-22 An-cast, 1720" from center Subsurface, .005" below surface, .38"-f

--23 Ascast, 1.50" from center Surface, edge of radius
-4A~cast, 0.26" from center Subsurface weld crack, .050" below surf-

S . . .. . . . . . . . . . .. . . . . . . . . . . . . ... . . . . . . . . . . .

/_.



V.,iCL EXAMINATIONS FOR BENDING FATIGUEl SPECIMENS

LO0CATION DEFECT SIZE 4RiEMAKrKS
Entrapped particle at origin;I

.020"Wide x .030"IDeep. Particle was .050"Long x
_______ ~010", Thic ___-k-

S cas t .020"Wide x .020"Deep hi.g or.nap dat.
ag--o4-----e prt--,cd, -4c, r us ___.O10"Wide x .030'Long Sufc

fr -r-- i si-de edge ____ LO.-30-11Wi-d-e- x_._C'0-ep Entrapped particle___
0,2 e____p

fron-. side _ ___1.0 30"Wide x Entrapped pat-l

"' q: ,0Wde x . 01Doe-p 5urfface cavity
ce cavity & enrppc xide skin i~primai) was .05)"x.020" Entrapped Particle __

rfacu; .030" from side edge T.040 .Wide x .010"Deep E nt rapped p ar~ticeLcie.
.005" below as-cast surface_',.Vr irrt atrya .010"x.020" ~Entrapped part~ci__

rfac(?; .20" from side edg-2 Prirnauy was .023"x.020" 4 Entrapped pAr~ticle -__

sid~e edge ___.070"Wide x .018'Deep Surf ace 1cavity --

si de edg .200"Wide x _.030."Deepi Surface c,ývitv y-
a(:iu s - .050"Vlide x.015%-Lýep 4 Entrapped particle,
Or: Side edqyc .00"id x 12 D~ep Entrapped p~article_

adi us -. ___ No ~visual defect ---------

r L a e_ _ _ _ _ _ _ _ _ _ . 0 L n e ld _ d o f e c qI(! r a t u r e j

S ~ ~ ----- -- ___No visual- de~fezt Nld defect;_weld fracture
__ No visual dcfocct ____'eld fracture_

-cas t c-ur f ace ____ ___l 0s2"Long x______ewe1j rctr

side edge 6 1710 "W ide-x .. 0i0".'De ep Surfage _cavit1Y___
rfaccS .3"fo sd de.020"Wide x .020"Deep E

---------. - .020"Wide x ._030_"D~eep 1Enrapdat_
0" b'ilow surface .38"Ln ___ Weld fracture___
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approximately 50 percent of the cases where failure occurred
in the weld zone, the origin of failure was found to be at an
area of porosity or other defects. Side-by-side photographs
illustrating the microscopic fracture characteristics plus the
oriain lc'ation and microstructural details of the origin
sites are displayed in Figures 14 through 17. Of the six
specimens representing the thin section of casting, three
specimens (B-13, B-14, and B-15) fractured outside the weld
bead zone. Specimens B-21 and B-23 had oxide particles at
the origin while B-22 contained no apparent material discre-
pancy.

A valid comparison of fatigue strengths of ZE41A-T5 and
AZ91-T6 could not be made. No bending fatigue tests of AZ91-
T6 were conducted in this test program. Previously obtained
data on AZI)l-T6 was questionable with respect to several im-
portant test parameters and was unsuitable for making a sound
technical comparison of the fatigue strengths of the two
alloys. However, the fatigue testing of the ZE41A-T5 material
indicates the current fatigue design allowable stress of
+1000 psi currently used for AZ91C-T6 transmission housings
is applicrible and is conservative for ZE41A-T5.

FATIGUE CRACK PROPAGATION

The primary objectives of the fatigue crack propagation test-
ing were:

1. Compare the fatigue crack growth characteristics of
ZE41A-T5 with AZ91C-T6.

2. Determine if weld repair is detrimental to fatigi'
crack growth.

3. Determine if a difference exists in the fatigue crack
growth characteristics of material removed from thick
and thin sections of castings.

Test Specimen Configuration and Preparation

Thirty-two fatigue crack propagat.L.on specimens, 16 of ZE41A-
T5 and 16 of AZ91C-T6, were fabricated from large size cast-
ings as shown in Figure 1. For each alloy, specimens were
fabricated from material removed from thick and thin sections
of the castings. Both unwelded and welded specimens were
tested. The proportions of these compact tension type speci-
mens were generally in accordance with the recommendations of
ASTM Test Method E399-70T. The welded specimens were cut
from the casting to orient the weld at the center of the
crack starter notch (see Figure 1) such that the crack would
tend to propagate within the band of weld metal.
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Figure 10. Origin Location and Microstructure Fatigue

Test Specimens B-i, B-2, B-3
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Figure 14. Origin Location and Microstructure of Welded

Specimens B-13, B-14l, B-15
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Details of the material processing, including welding, are
discussed in the Material section.

In order to measure crack growth, a grid consisting of
approximately 40 lines with a nominal spacing of 0.040 inch
was photographically applied to one side of the specimens. A
typical specimen with the grid installed is shown in Figure
18.

Test Procedure and Test Setup

Table VI contaiis a matrix of the fatigue crack propagation
specimens. Because of machining errors, 27 specimens were
tested rather than 32 as originally planned.

The fatigue crack propagation tests were conducted in air at
room temperature. A stress ratio of 0.714, representing the
anticipated relationship of steady and alternating stresses
in service, was used in these tests. Loads were applied at
10 Hz in the test setup as shown in Figure 19. The test
machine contained a load cell in series with the specimen.
Load control was provided to permit no greater than +1.5 per-
cent variation of the cyclic range of load for the duration
of each test. In cases where precracking loads higher than
the test crack propagation loads were required, care was taken
to step down to the test loads i.n small increments and to let
the crack grow to a length such that the prior load would not
influence the crack qrowth data.

Crack growth was monitored visually by observing the inter-
section of the crack front with the grid lines previously
described. Dye penetrant (type MIL-I-25135, Spotcheck SKL-HF
Penetrant) and optical magnification of various power (15X and
45X) were used as aids in following the crack. Periodic
checks were made to insure that cracking was progressing' uni-
formly on both sides of the specimen. In no case was more
th;an 0.04 inch difference in the crack lengths observed from
one side of the specimen to the other.

Basic crack growth data, consisting of crack length and number
of cycles, was analyzed using the techniques of fracture
mechanics. A computer program was used to calculate the
fracture mechanics parameters of stress intensity range,,AK,
and crack growth rate, /a/ AN. Tables VII and VIII present
the data which were used to prepare Figures 21 through 28.
The stress intensity range was calculated using the following
expression which is found in Reference 3.

Aý K -BW"z 'L'.,W,-B W+ (55.7' M 10 4-.OW (a 3 8.9 (Qw )"
whereA P is the load range, Pmax - min
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Figure 29 indicates the relation of the above dimensional par-
ameters to specimen geometry. All fatigue crack propagation
specimens except C-10, C-12, and C-14 were fabricated to the
geometry shown in Figure 1. Specimens C-10, C-12, and C-14
were of the geometry of Figure 29.

Test Results

The results of the fatigue crack propagation testing are
summarized in Figure 20 which shows the relative crack growth
rates for various conditions of the two alloys. Detailed
data are contained in Tables VII and VIII and displayed
as plots of stress intensity range versus crack growth rate
in Figures 21 through 28.

For material in the unwelded condition, AZ91C-,6 (Figures
25 and 26) exhibited slower fatigue crack growth than ZE41A-
T5 (Figures 20 and 22). This difference is attributed in
part to differences in the microstructure of the two alloys.
It should also be noted that yield and elongation values ob-
tained for the AZ91C-T6 material in this program are not
typical of average values obtained by testing samples cut from
actual transmission housings. Yield values determined in this
program were lower while elu±,gations were higher than those
typically obtained from actual transmission housings.

For the ZE41A-T5 material, no difference was observed between
the crack growth rates of welded (Figures 23 and 24) and un-
welded material (Figures 21 and 22). In the case of the
AZ9lC-T6 casting, the welded specimens (Figure 28) utilizing
material from a thick section showed a faster crack growth
rate than the unwelded material (Figure 26). No significant
difference was seen in the crack growth rates of welded
(Figure 27) and unwelded (Figure 25) AZ91C-T6 material re-
moved from thin sections of the castings.

The ZE41A-T5 material showed no significant differences in
the crack growth rates of specimens removed from thick
(Figures 22 and 24) and thin (Figures 21 and 23) sections of
the castings. Unwelded AZ9lC-T6 specimens exhibited the same
trend.

In all cases, the fatigue crack propagated normal to the
applied load. For the welded specimens, the crack remai•,ed
within the band of weld metal, and metallurgical examination
indicated that the band of weld metal extended completely
through the thickness of the specimen.

38



'I

Conditions: AK = 3.5 ksi VT?
R = 0.714
Hz= 10 cps

Tested in Air

XX KvA U

IrHX
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(Uj

4~0)
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0 -X

$4 C

U)

THIN THICKýý_jTI =

ZE41A-T5 AZ9lC-T6

NOTE Limited data at this condition does not warrant
a comparison

LEGEND:

hiA Nonwelded
Welded

Figure 20. crack Growth comparisons for Magnesium
Alloys at a Constant Stress Intensity Value
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NOMENCLATURE - TABLE VII and TABLE VIII

The following nomenclature is applicable to the crack propa-
gation r2?ta contained in Tables VII and VIII.

PMAX Maximum applied load (steady + alternating), lb

PMIN Minimum applied load (steady - alternating), lb

A Initial crack length measured from centerline of
o holes to line at which first test reading was

taken, in.

N N Initial number of cycles corresponding to crack
0 length, A°

B Specimen thickness (Reference Figure 29), in.

W Distance measured from centerline of holes to back
of specimen (Reference Figure 29), in.

A Crack length measured from centerline of holes to
crack tip, in,

N Total number of applied cycles

DELA Change in crack length, in.

DELN Change in applied cycles

KMAX = Maximum stress intensity factor, psi Fin.

DELK Stress intensity range, psi \F1R*
DADN Crack propagation rate, in./cycle
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